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Project Goals 
The primary goals of this project are to design, synthesize, and purify a small library of  
β-hairpin peptides that can act as catalysts for a model acyl-transfer reaction to elucidate 
structure function relationships. Based off of knowledge from previous studies,1,2 we hypothesize 
that a peptide containing a cooperative hydrogen bonding network of histidine residues in 
tandem with a hydrogen bond donor will yield a highly efficient acyl-transfer catalyst. Further 
characterization of these peptide catalysts through 2D NMR will allow important structure 
function activity relationships to be determined. We can then iteratively build upon our 
findings to design new peptide sequences that can achieve even higher rates of acyl-transfer 
catalysis via these optimized non-covalent networks driving catalysis. 
Introduction 
 The effects of cooperativity between amino acid residues is highly important to the 
structure and function of a protein or enzyme. A well-studied example of such is the catalytic 
triad motif (Asp-His-Ser) frequently found in a variety of hydrolase enzymes such as proteases, 
esterases, and lipases.3 The resulting non-covalent interactions between these proximal residues 
allow for extremely efficient catalysis in regards to reaction rate enhancement and the fine-tuned 
geometries of enzyme active sites allow for a high degree of substrate selectivity.4 As a result, 
studying the underlying non-covalent interactions and dynamics driving these highly efficient 
enzyme catalysts and decoding the structure function relationships that nature has evolved is of 
high importance. This knowledge would aid in the design and development of new biocatalysts 
such as peptides or enzymes and increase our fundamental understanding of biochemical 
systems. However, effectively characterizing and untangling the non-covalent interactions and 
dynamic qualities within biological enzyme systems can be challenging. This is due to the size 
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and complexity of proteins and enzymes as they contain a multitude of globally affecting non-
covalent interactions all dictating structure and function. It would therefore be advantageous to 
design small synthetic peptide systems which can be more easily characterized and interrogated 
for catalytic applications and subsequent structure activity relationship elucidation. 
To create a simplified peptide system that contains several key non-covalent interactions 
similar to those found in the active site of the enzyme, we can create a β-hairpin motif that also 
expresses these non-covalent contacts. A β-hairpin consists of two anti-parallel β-strands linked 
by a turn consisting of two to five amino acids that allow cross-stand side chain interactions.5 
Within the strands, there are two faces: one in which the amide backbone creates hydrogen 
bonding contacts, which are structurally important to β-hairpin formation, and the other non-
hydrogen bonding face where the side chains allow for cross-strand interactions due to their 
localized contacts. Included in our 12 residue design are eight amino acids that allow for proper 
folding of the β-hairpin while the four residues allow for non-covalent network formation (figure 
1a). Using this simplified β-hairpin model system, we can mimic the active site of an acyl or 
phosphonyl-transfer enzyme (figure 1b and 1c) to provide insight into how the degree of 
cooperativity can affect the reactivity of the enzyme. 
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Figure 1: a) Ribbon representation of β-hairpin structure and cross-strand contacts of the β-
hairpin used in the experiment.1,2 b) PDB structure of the enzyme paraoxonase.6 c) Active site of 
paraoxonase.6 
To elucidate the reactivity of these peptide catalysts, kinetic studies can be used to 
determine how quickly an acyl transfer can occur within this model system. We have designed a 
system that can be monitored using UV-vis spectroscopy. A model substrate 4-nitrophenyl 2-
methoxyacetate can be esterolyzed to generate 4-nitrophenol or 4-nitrophenoxide, both of which 
are UV-vis active. Based on the previous studies, 
a peptide with a non-covalent network of 
histidines at positions 2,9, and 11 equipped with 
a hydrogen bond acceptor at position 4 (figure 
1a) can be implemented to provide rapid acyl 
transfer.1,2 The catalytic cycle (scheme 1) can be 
regenerated by using an alcohol such as 2,2,2-
trifluoroethanol, TFE, to complete the acyl 
transfer cycle and regenerate the unbounded 
terminal histidine. 
Scheme 1: Proposed mechanism of the acyl 
transfer reaction being studied using imidazole as 
a simplified nucleophile. 
5 
 
Using the information obtained from this system, one could further target residues on 
peptides or proteins that have the hydrogen bonding network consisting of this network of 
histidines, a hydrogen bond acceptor, and a terminal nucleophile such as cysteine or histidine and 
examining how this cooperative system affects rates of catalysis or how it affects selectivity. 
Non-canonical amino acids may also be incorporated into this scaffold to determine how they 
interact with other residues in peptides and proteins. 
Experimental 
Peptides were synthesized by solid-phase peptide synthesis using CEM’s Liberty Blue 
peptide synthesizer using protected amino acids on rink amide resin. Activation of amino acids 
was performed with ethyl cyanohydroxyiminoacetate (oxyma) in the presence of N,N'-
diisopropylcarbodiimide in DMF.7 Peptide deprotection was carried out in 20% piperidine in 
DMF or piperazine solution in DMF if an aspartate residue is incorporated into the sequence. All 
peptides were acetylated at the N-terminus with 6% 2,6-lutidine and 5% acetic anhydride in 
DMF. Cleavage of the peptide from the resin was performed in 95:2.5:2.5 trifluoroacetic acid 
(TFA), triisopropylsilane (TIPS)/MilliQ water for 3 hours. TFA was evaporated then the peptide 
was purified by reverse-phase column chromatography on the Isolera One Biotage equipped with 
a C18 column and a gradient of 5 to 100% Buffer B where solvent A was 95:5 water: acetonitrile 
with 0.1% TFA and Buffer B was 5:95 water: acetonitrile with 0.1% TFA. Purity of the peptide 
was determined using an Agilent 1200 Series LC/MSD to perform liquid chromatography mass 
spectrometry on a C18 column using a 25 minute 5:95 gradient where Buffer A consists of 0.2% 
formic acid and 1% methanol in MilliQ water and Buffer B consists of 0.2% formic acid in 
acetonitrile. Purity of the peptides is shown in figure 2. 
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Figure 2: LCMS of the HWHH peptide demonstrating the purity of each peptide. 
Synthesis of the ester substrate, 4-nitrophenyl 2-methoxyacetate, was done in accordance 
with the literature,8 but the solvent was changed to tetrahydrofuran instead of ethyl acetate. The 
product was recrystallized multiple times in toluene to remove any impurities from the sample, 
and the excess water in the sampled was removed by vacuum. 
 
Scheme 2: Synthesis of 4-nitrophenyl 2-methoxyacetate. 
 NMR results were acquired using a Bruker 600 MHz NMR spectrometer with a 
cryoprobe. NMRs for the ester were obtained in CDCl3 and in CF3CD2OD, d3-TFE for the 
peptides. Histidine residues within the peptide were deprotonated using stoichiometric 
equivalents of trimethylamine. 
 Kinetics experiments were performed in TFE using a Hewlett Packard 8453 UV-vis 
spectrophotometer and monitored for four hours with spectra taken every 30 seconds at 336 nm. 
Substrate concentration was 0.1 mM and peptide concentration was 0.28 mM. 
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 2,2,2-trifluoroethanol, TFE, was pre-treated with 3 Å molecular sieves that were dried 
under vacuum at 120°C for two hours and anhydrous potassium carbonate.9 The TFE was then 
distilled and collected for experimentation. 
Results 
  In order to further corroborate the results obtained previously,1,2 computational studies 
were performed by members of Dr. Dean Tantillo’s Group at UC-Davis. Their work investigated 
how both the number of imidazoles in a chain and if in the presence in a variety of hydrogen 
bond donors affected the methyl cation affinity of the terminal histidine residue (figures 3 and 4). 
From these studies, we can observe that the acetate and phosphate groups acting as hydrogen 
bond donors produce the greatest methyl cation affinity (table 1). We also see that there is an 
upper limit to the methyl cation affinity as we increase the length of the imidazole chain (figure 
5).  
 
Figure 3: Modeling set up used to investigate the effect of the terminal group, X, on the methyl 
cation affinity of the terminal imidazole. 
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Table 1: Computational results obtained by varying the terminal X group on the above system. 
  
Terminal Group (X) 
  
None Benzene Toluene SH Acetic Acid OH Thiourea Urea Acetate Phosphate 
Gas 
EE 0 2.3 2.5 3 3.8 4.1 7.2 9.3 71 64 
H 0 2.7 3.6 4 5 5.4 7.8 10 70 65 
Water EE 0 0 -0.3 -0.7 -0.2 -0 1 1 2.9 -3.4 
 
 
Figure 4: Modeling set up to investigate how the length of imidazole chains affects the methyl 
cation affinity of the terminal histidine. 
 
Figure 5: Results showing how the length of imidazole chain affects methyl cation affinity. 
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Combining these two factors, we can design peptide sequences of the form AcNH-L-X-
V-X-V-p-G-L-X-V-X-V-CONH2 where the underlined positions are the residues that form the 
non-covalent network. For simplicity, we denote the sequence AcNH-L-H-V-W-V-p-G-L-H-V-
H-V-CONH2 as HWHH. To investigate the trends seen by the computational studies, we set out 
to synthesize the peptides HWHH, WWWH, HHHH, and HDHH to complete the published Trp-
His series, obtain consistency between studies,1 and determine the role the hydrogen bond donor 
plays. We hypothesize that a peptide with an aspartate group as the hydrogen bond donor and 
three histidines, called HDHH, would provide the highest krel of any peptide sequence with this 
12 residue structure consisting of only natural amino acids, based off the computational analysis. 
One aspect of this project that has provided sign challenges was generating and 
characterization of the “free-based” peptide. In this project, we define “free based” as a peptide 
whose histidines are fully deprotonated and no counter ions exist in solution. We must free base 
the peptide in order to generate an active catalyst since the histidinium protons will disrupt the 
hydrogen bonding network, and the trifluoroacetate-histidinium salt species is not an active acyl 
transfer catalyst. The first efforts toward addressing this problem was to use the resin bound base 
Amberlyst A-21 in accordance with previous studies,1,10 but the Amberlyst base adsorbed too 
much peptide material and further isolation and characterization of the peptide proved difficult. 
The next strategy we took was to both free base and purify the peptide using a reverse phase 
separation on a C18 column on the Biotage with buffer A composed of 95% 10 mM sodium 
bicarbonate in MilliQ water and 5% acetonitrile and Buffer B composed of 5% 10 mM sodium 
bicarbonate in MilliQ water and 95% acetonitrile. The sodium bicarbonate buffer is at a pH of 
8.0, 2 pH units above the pka of the imidazole on the side chain of histidine, which should 
deprotonate the histidium to the free base. This provided an effective way to purify the peptide, 
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however, to our dismay once again the free based peptide could not be readily characterized 
using NMR methods due to solubility issues and low resolution within the NMR. 
The final method used was to generate the base in situ using a base such as triethylamine 
(TEA). For these experiments, the order of addition is important since you want to pre-mix the 
triethylamine and peptide to generate the free base and TEA+/TFA- salt. The amount of TEA 
needed to completely deprotonate the histidinium protons can be determined by an NMR 
titration of the peptide in d3-TFE. Complete deprotonation was observed at 2.5 µL of TEA 
(figure 6), which is 1.3 equivalents per histidine in the peptide. It is important not to add any 
excess TEA since it can also catalyze the acyl transfer reaction and result in an inaccurate 
relative rate constant. 
 
Figure 6: NMR titration of the HWHH peptide with triethylamine. 
To determine the catalytic activity of peptides, we monitored the UV-vis spectrum and 
looked for the liberated products, namely 4-nitrophenol (λMax = 314 nm) and 4-nitrophenoxide 
(λMax = 384 nm). An issue presents itself in the fact that in TFE both the phenoxide and phenol 
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products are generated in the reaction, so we determined the isosbestic point of 4-nitrophenol/4-
nitrophenoxide by taking a standard solution of 4-nitrophenol in TFE and titrating in both 
trifluoroacetic acid and then triethylamine and examining the resulting UV-vis spectrum (figure 
7a). The isosbestic point was located at 336 nm, and using this wavelength, we created a 
calibration curve in order to determine the amount of product in the esterolysis reactions (figure 
7b). 
a) b) 
 
 
 
 
 
Figure 7: a) Isosbestic point determination of 4-nitrophenol. b) Resulting calibration curve of 4-
nitrophenol in TFE at 336 nm. 
As we are interested in calculating increases in the acyl transfer reaction rates in the 
presence of our catalytic peptides, it is first necessary to characterize the background rate of the 
reaction without the peptide catalyst present. The uncatalyzed reaction – conducted solely with 
TFE and ester – has the rate law: Rate = kuncat[TFE][Ester], and the catalyzed reaction – 
conducted in the presence of peptide – has the rate law: Rate = kcat[Peptide][Ester]. To determine 
the rate of the reaction, we used the method of initial rates.11 The lowest recorded background 
rate of trifluoroethanolysis of the substrate in TFE was 5.92x10-7 mM/s at a substrate 
concentration of 0.1 mM. Since the molarity of trifluoroethanol is 13.7245 M (molar mass = 
100.04 g*mol-1, density = 1.373 g*ml-1), the rate constant for the uncatalyzed reaction, kuncat, is 
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4.3x10-7 M-1*s-1. The rate constant for the peptide catalyzed reaction, kcat, can be found by 
dividing the initial rate by both the peptide concentration and substrate concentration. For 
example, for HWHH, the rate is 7.1x10-6 mM/s (figure 8). Given the catalyst concentration of 
0.28 mM and substrate concentration of 0.1 mM, kcat is 2.56 M
-1*s-1. The relative rate constant, 
krel, can be found by dividing kcat by kuncat, which for the example HWHH gives 5.9x10
6. 
 
Figure 8: Initial rate data for the HWHH peptide used to calculated kcat. 
One difficulty of the experiment has been obtaining data that aligns with the previous 
experimental data. As the previous kinetics data was obtained in d3-TFE using NMR studies,
1,2 
there will be differences within the reactions due to the different trace impurity profiles of the 
deuterated and the proteo TFE. The extent to which they are different, however, cannot be 
readily determined. Different methods to purify the TFE such as using sodium bicarbonate as a 
base or using fractional distillation have been attempted, but there was no advantage over regular 
distillation or using anhydrous potassium carbonate. Using UV-vis spectroscopy has been 
determined to be a reliable method since the same experiment was conducted with d3-TFE and 
yielded a very small background rate of esterolysis (figure 9). The reported kuncat is 3.30x10
-9 M-
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1*s-1,1 but the smallest kuncat that we have obtained is 4.3x10
-7 M-1*s-1. These differ by a 
magnitude of 130 and some of this can be attributed to the kinetic isotope effect,12 but we 
hypothesize that there must be a residual impurity within the proteo TFE that is not present 
within the deuterated TFE. Unfortunately, this impurity cannot be determined by gas-
chromatography mass spectrometry methods or by NMR. Regardless, we believe that we can 
still glean structure and function relationships using this method even though the krel will not be 
as high as in previous studies.1,2 However, there is a significant increase in conversion between 
the HWHH peptide, the uncatalyzed reaction in TFE, and the uncatalyzed reaction in d3-TFE 
(figure 9). 
 
Figure 9: Entire kinetics run for HWHH (blue), uncatalyzed reaction in TFE (orange), and 
uncatalyzed reaction in d3-TFE (gray). 
Conclusions 
 While further studies need to be conducted, the computational studies have shown that as 
we increase the number of the imidazoles in the non-covalent network, we have a more basic 
terminal histidine that can effectively shuttle protons faster to generate higher rates of catalysis. 
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Previous results also corroborate these computational findings.1 We have also optimized a 
synthetic system that allows us to test peptides that can allow us to glean structure function 
information from the results. Once the uncatalyzed reaction issues have been resolved, we can 
test the peptides HDHH, WWWH, and HHHH as they are already synthesized and purified.  
Using this assay, we can assess how the computational predictions align with 
experimental results, and from here we can test a wider array of peptides that can then give us 
further insight into the reactivity and degrees of cooperativity within peptides that have different 
hydrogen bond donors or terminal nucleophiles. This will allow us to extrapolate this data and 
predict trends in regards to reactivity in proteins and other peptides. 
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